Laser-induced chemical vapor deposition (LICVD) is a nanopowder synthesis method in which the nanoparticles of a synthetic product undergo nucleation, growth, and agglomeration. The growth process is crucial because it directly determines the growth rate and final size of nanoparticles. In this paper, the nanoparticle growth process is analyzed through a molecular dynamics study, and the process is divided into five steps. In addition, this study explains the microscopic heat and mass transfer processes that occur in the surrounding space and on the particulate surface. Three constraint conditions that may restrict the growth process, namely, transfer constraint, surface constraint, and temperature constraint conditions, are proposed and modeled. To calculate the final diameter and the nanoparticle growth rate, formulae for the constraint conditions are developed. The behavior of four gases in the particulate growth zone is discussed in detail.
Introduction
Laser-induced chemical vapor deposition (LICVD) is a nanopowder synthesis method which produces nanopowders that have excellent properties such as high purity, small particle size, narrow particle size distribution, good surface cleanliness, and the absence of hard agglomerates [1] [2] [3] [4] [5] . During LICVD synthesis of nanopowders, the gaseous precursor is injected into the reaction chamber and pyrolyzed by using a laser beam, and the vapor molecules of the desired solid product as well as gaseous byproducts are generated in the region of the laser beam. The molecular combination causes the initial cores to appear in the vapor at high temperature and supersaturation. The partial pressure and temperature of the vapor decrease along with the gas flow as a result of the diffusion loss and condensation on the core surface. The condensation causes the cores to continue absorbing the colliding vapor molecules and grow into nanoparticles. The nanoparticles stop growing when the vapor pressure is equal to the balance pressure of the particle surface. The particles become visible nanopowder as a result of agglomeration and the flow of the residual exhausted gas towards the collector.
During LICVD synthesis, the nanoparticles undergo nucleation (core formation), growth, and agglomeration. The growth process plays a key role because it determines the final particle size. Several factors affect the growth process. These factors are the constraint conditions of the growth process [6] [7] [8] [9] . This paper details the mechanism of the particle growth process on a molecular scale, and the heat and mass transfers in the process are analyzed as constraint conditions through a molecular dynamics study.
Growth Process Analysis
An analysis of the growth process of the nanoparticles at the molecular scale includes the following steps.
(1) Transfer of gas phase particles from the surrounding space to the surface of the cores. The gas phase particles injected into the core surface include the vapor molecules of the desired solid product, molecules of various residual gaseous reaction products, gaseous precursor molecules that did not decompose, argon (2) Adsorption of gas phase particles on the nanoparticle surface. When the gas phase particles of various components appear at the surface, most particles will be physically adsorbed on the surface because of the intermolecular van der Waals force and will temporarily remain on the surface. A small number of these particles will be rejected directly and reflected elastically due to poor collision. The active particles of the intermediate products are more prone to adsorption.
(3) Phase change in which the product vapor molecules in the adsorbent state change into the solid phase state through condensation or a chemical reaction.
The particles of the desired solid products on the adsorption surface, whether they are vapor molecules or active intermediate product fragments, tend to combine because their chemical composition and structure are basically the same as the cores. This process involves an interatomic valence bond and chemical adsorption, and the latent phase change heat is released. The adsorbed particles then become part of the nanoparticles.
(4) Desorption of other gas particles on the nanoparticle surface. Various gas particles adsorbed physically on the nanoparticle surface achieve temperature balance with the surface. These particles eventually break away from the surface as a result of the impact of subsequent incident particles, the vibration and collision of the solid surface molecules, or surface thermal evaporation. Some vapor molecules of the desired solid products also leave the surface, and the amount of evaporation depends on the equilibrium vapor pressure of the particulate surface temperature and its radius.
(5) Transfer of other gas particles after desorption. The desorbed gas particles must return to the surrounding space after leaving the particulate surface. Through convection and diffusion, the particles should then spread in a timely manner beyond the space range in which the nanoparticles directly exchange mass and heat with the surrounding environment. This process provides a suitable environment in which nanoparticles can grow sequentially.
Particle growth rate is constrained by the slowest step of the above processes. Steps (1) and (5) refer to the mass transfer of the gas phase material in the surrounding space that provides the gas phase transfer constraint condition for nanoparticle growth. Steps (2), (3), and (4) occur on the particulate surface and refer to the physical or chemical dynamic processes of surface adsorption as well as heat exchange between the nanoparticles and the surrounding environment. These steps provide the surface constraint and temperature constraint conditions for nanoparticle growth.
Transfer Constraint Condition
The molecular mass transfer process occurs around each nanoparticle within the space of several molecular mean free paths. The process takes place either before the molecules collide or after they leave the surface and will directly affect the environment for nanoparticle growth. Thus, if the gas compositions gathered around the nanoparticles could not exchange heat and mass with the farther surrounding space in a timely manner, they would consist mainly of the exhausted gas that returned from the particulate surface and would achieve componential and temperature balance with the particulate surface. As a result, the nanoparticles stop growing. Therefore, the molecular mass transfer process is a constraint condition for the nanoparticle growth process.
In the equation used for the molecular transfer constraint condition of particle growth, V f 0 (m 3 ) is the volume of the nucleation region in the reaction flame (usually considered the laser focus zone) and J (m −3 s −1 ) is the nucleation rate. The nucleation rate of the critical condensing cores in the supersaturated vapor was derived by Zeldovich [10] as
where Therefore, the number of new initial cores generated in the nucleation zone in unit time is N = JV f 0 (s −1 ). The volume of the newly generated gas (product vapor and byproduct gas) in the nucleation zone is U f (m 3 s −1 ), and the volume density of the new condensation nucleus in the newborn gas is n h = N/U f (m −3 ). Thus, each condensation core may, on average, have a gas volume given by
The molecular transfer constraint condition of particle growth can also be explained as follows: during the particle growth period, if all the vapor molecules within volume V h around the particle can reach the particle surface through diffusion migration (the molecular migration distance is about 3 V h ) then the molecular transfer process can promote nanoparticle growth.
If the average length of a particle growth zone (usually the zone of the laser beam) is L f and the average velocity of vapor molecules is u f , then the average time of the particles which pass through the growth zone is τ f = L f /u f . According to the theory of gas dynamics, a gas molecule that travels at time τ f and frequently collides with other molecules that undergo three-dimensional random walks (Brownian Advances in Materials Science and Engineering 3 motion) can move to the distance as long as its mean square root displacement [11] is
where c 2 = 8kT/πm 2 is the average velocity of vapor molecules, λ 2 is the mean free path of vapor molecules in the gas mixture [11] , and σ j (m) is the effective diameter of various gas molecules. Thus, the molecular transfer constraint condition of the nanoparticle growth process is given as
Further results can be inferred based on (2) . If all the product vapor is condensed, each nanoparticle that grows from an initial core will, on average, occupy the product vapor mass:
Each particle contains the number of product molecules given by
and the final particle diameter is
Thus, a higher initial density of the condensation cores in the nucleation zone yields smaller nanoparticles.
Surface Constraint Condition
During nanoparticle growth, the various incident gaseous particles undergo a series of processes on the particle surface, including adsorption, residence, desorption, and phase change, which are all part of the surface action process. If one of these processes occurs slowly, the particle growth rate will be restricted and the process becomes a surface constraint condition.
The formation time of either the intermolecular van der Waals force or the interatomic valence bond force is sufficiently short (within 10 −12 s). Adsorption, desorption, and phase change occur over a short period and will not delay nanoparticle growth. Nanoparticle growth can be greatly affected by a large amount of gas molecules that are absorbed on the nanoparticle surface and remain there for a relatively long time, which prevents subsequent vapor molecules from reaching the nanoparticle surface. The calculation of the particle growth rate determined by using the surface constraint condition is shown in what folows.
According to the desorption dynamics of gas molecules, the average residence time of gas molecules on the surface can calculated by using the Frenkel-Arrhenius formula [11, 12] 
where τ 0 (s) is the vibration period of adsorbed molecules on the surface and is approximately equal to the vibration period of atoms or molecules on the surface, which ranges from about 10 −12 s to 10 −14 s, and E d (J) is the desorption activation energy for each gas molecule. The measured values of the activation energy on the nanoparticle surface are much lower than those on the macroscopically flat solid surface because of the size effect of nanoparticles. Moreover, the gas temperature in the particle growth zone is high. Thus, the gas molecules on the particulate surface have a short average residence time.
On the per unit area of the particulate surface, the number of adsorption sites is denoted as φ m (m −2 ), that is, as many as φ m incident particles can be adsorbed. Among the incident particles, only those that reach the empty sites can be adsorbed on the surface. Within a certain period of the nanoparticle growth process, the surface coverage of gas molecules is denoted as θ; that is, the number of adsorbed gas molecules on the per unit area particulate surface is, on average, equal to φ = θ · φ m . Based on dynamic equilibrium, after residence time τ, these adsorbed molecules φ will be desorbed and then escape from the surface. At the same time, new molecules φ adsorb at the empty sites of the surface, and these molecules are equal to the number of incident molecules at 1 − θ part of the per unit area of the particulate surface in τ time. Therefore,
A stable surface coverage of gas molecules can then be obtained by
where
) and p, m are the total pressure and reduced molecular mass of various gas components, respectively.
When the particulate surface coverage is θ, the mass growth rate of nanoparticles determined by the surface adsorption capacity is
where p 2 , m 2 are the partial pressure and molecular mass of the vapor from the desired product, respectively. The relationship between the radius of spherical nanoparticles and their mass is
In the surface constraint condition, the radius growth rate of nanoparticles is obtained by
Thus, in the particle growth process restricted by the surface constraint condition, the radius growth rate of nanoparticles is proportional to the partial pressure of the vapor from the desired product. Thus, the radius growth rate remains constant at a constant pressure; that is, the particle radius increases linearly with time.
According to the results of the transfer constraint and surface constraint conditions, particulate growth is affected largely by assistant gases in the particulate growth zone. In the surrounding space, the assistant gas molecules collide with vapor molecules and delay their movement to the particulate surface. On the particulate surface, the assistant gas molecules occupy the adsorbing sites of the surface and prevent vapor molecules from condensing. Therefore, the increase of the assistant gas pressure will decrease the nanoparticle growth rate. However, this finding is only one aspect of the process. The following section will discuss the importance of other gases.
Temperature Constraint Condition
The heat transfer process that occurs on the particulate surface is another condition that restricts the nanoparticle growth process. In this condition, the primary issue is whether or not the latent phase change heat released by the adsorbed vapor molecules can be transported out of the particles in time. If the latent heat cannot be removed, the temperature of the particles will continue to increase, which will then increase the saturated vapor pressure of the particulate surface. When the saturated vapor pressure of the particulate surface is equivalent to the partial vapor pressure in the surrounding space, the molecular adsorption rate is similar to the molecular reevaporation rate on the particulate surface, which will then stop particulate growth. To ensure particulate growth, the heat removed by the desorbing gas molecules from the surface should be equal to the latent phase change heat released as a result of the condensation of the vapor molecules.
The heat dissipation process of nanoparticles according to molecular dynamics is as follows: the gas molecules, which come from the surrounding space that has a lower temperature, travel at a slow thermal motion velocity until they reach the particulate surface that has a higher temperature, achieve heat balance with the surface, escape from the surface at a fast thermal motion velocity, and then return to the surrounding space. The kinetic energy difference between the escaping velocity and the incident velocity of gas molecules is the heat quantity taken from the surface. The nanoparticle sizes during the growth process are close to the mean free path of gas molecules. Thus, the quantity of the dissipating heat can be calculated according to the free molecular flow.
Four gases are present in the region of the laser beam, namely, precursor gas, the vapor of the desired solid product, residual gas of reaction byproducts, and protective argon gas. All gases can participate in the heat transfer of nanoparticles; however, the latter two are particularly crucial. The heat transfer occurs under a free molecular flow state, and the action of each gas composition can be dealt with independently.
First, the heat exchange between a single gas composition and the particulate surface is considered. When the number density of gas molecules is n, the velocity distribution of incident molecules per unit time per unit area at the particulate surface is [12] 
where c (m/s) is the molecular thermal velocity and f (c) is the Maxwell velocity distribution function. The thermal motion of each molecule has an incident kinetic energy (1/2)mc 2 . Thus, the total energy of the thermal motion introduced by the incident molecules to the per unit area surface in per unit time is
According to Knudsen's law of reflection [12] , the total thermal motion energy carried by the desorbing molecules from per unit area surface in per unit time can also be calculated by using (15), in which the only change is that temperature T takes the value of particulate surface T s . Therefore, the heat loss per unit area of the particulate surface in per unit time due to a kind of gas composition is
where T s and T g denote the respective temperatures of the surface and the gas, p i represents the partial pressure of the gases, and α i is the accommodation coefficient that corresponds to the probability of the diffused reflection of gas molecules. The value of α i is between 0 and 1. Consider the following:
where h s0 (J · kg −1 ) is the latent phase change heat (enthalpy) of per unit mass of vapor. The apparent value of h s0 on the nanoparticle surface is less than that on a macroscopically flat solid surface because of the size effect of the nanoparticles.
The heat loss quantity removed by using vapor molecular sublimation is
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The mass growth rate determined by the temperature constraint condition is obtained by
By using (12) , the radius growth rate of nanoparticles in the temperature constraint condition can be obtained as
When the partial pressure and temperature of every composition are constant, the radius growth rate of nanoparticles determined by the temperature constraint condition is also constant; that is, the particle radii increase linearly with time, which is consistent with the particulate growth process under surface constraint conditions.
Finally, a specific case of particle growth under the temperature constraint condition is discussed. If the heat dissipation function of the precursor gas and protective argon gas is neglected and the condensation coefficient of vapor molecules on the particulate surface is assumed to be 
If the partial pressure ratio of the desired solid product vapor (i = 2) and reaction byproducts residual gas (i = 3) meets (23), the particle growth process will not be restricted by the heat transfer process. In some experiments that involve laser synthesis of nanopowders, the high usage of precursor material can be obtained when the assistant gas (H 2 or Ar) is diluted by the precursor gas. This result occurs because both the reaction and the particulate growth are part of the temperature constraint process. The assistant gas can improve heat transfer ability and address heat transfer limitations. As a result, the condensation ratio of the vapor increases and a greater amount of nanopowders is obtained.
Conclusions
A molecular dynamics study was conducted to study the physical mechanism of the nanoparticle growth process in the laser synthesis of nanopowders. The particle growth process is analyzed in detail and is divided into five steps in which the microscopic heat and mass transfer process occurs either in the surrounding space or on the particulate surface. Three constraint conditions, namely, transfer constraint, surface constraint, and temperature constraint conditions, are proposed and modeled. The final diameter of the nanoparticles is restricted by the mass transfer in the surrounding space around the particles and calculated by using (7) . The nanoparticle growth rate is affected by both mass and heat transfers on the particulate surface and is estimated by using (13) and (21), respectively.
